Abstract-An investigation of the reaction requirements to effect the Clauson-Kaas pyrrole synthesis led to the formulation of a new procedure that avoids the contact of pyrroles to heat or strongly acidic conditions that cause decomposition of the desired products. The procedure involves mild hydrolysis of 2,5-dimethoxytetrahydrofuran in water to the activated species 2,5-dihydroxytetrahydrofuran that reacts with primary amines in an acetate buffer at room temperature to give N-substituted pyrroles in high yield. In the case of chiral amines, pyrrole formation proceeds with no detectable epimerisation. Acid-or heat-sensitive pyrroles are also obtained in high yield and purity.
Recently we reported the synthesis of 5-alkyl substituted indolizidine alkaloids such as indolizidine 209D from the ring opening of c-lactones with pyrrole to give cpyrrolic ester derivatives 2 (Scheme 1). 1 This approach is somewhat limited by the difficulty of the ring opening reaction with substituted lactones and an asymmetric synthesis was not viable due to the prohibitive cost and lack of availability of enantiopure lactones.
To overcome these limitations, we turned to the Clauson-Kaas pyrrole synthesis that utilises the condensation of an amine and 2,5-dimethoxytetrahydrofuran (3) for the synthesis of our required N-substituted pyrroles (Scheme 2). 2 The use of chiral a-amino esters in the Clauson-Kaas reaction would yield a-pyrrolic esters that could undergo a two carbon homologation 3 to give the desired c-pyrrolic esters 2 required for an asymmetric synthesis of the target molecules.
The methods reported for the Clauson-Kaas reaction work well for stable substrates and products; however, extension of the available methods to acid-or heat-sensitive substrates or products is rare and in such cases side products or low yields of the desired products have been reported. For instance, condensations of a-amino acids and esters with 2,5-dimethoxytetrahydrofuran usually require heating to reflux in acetic acid or other high boiling solvent and give inconsistent yields and product of poor quality due to pyrrole decomposition processes. 4 Attempts to overcome these difficulties include JeffordÕs use of a two phase system, which removes the acid-sensitive pyrrole from the acidic aqueous layer. 5 This approach gave improved yields (59-81%) with higher eeÕs; however, in the case of more sensitive Tetrahedron Letters products the yields were not consistently high due to decomposition by contact with acid or heat or both. These methods are not sufficiently robust for the preparation of the types of compounds that we require as starting points for an asymmetric synthesis. With this as a major stumbling block in our synthetic path we embarked on an investigation of the requirements to effect the Clauson-Kaas reaction. While acid or heat are required to promote hydrolysis of 2,5-dimethoxytetrahydrofuran to the more reactive dialdehyde, which exists as the dihydroxy furan 4 under the aqueous conditions, we reasoned that these conditions may not be necessary for the condensation of 4 with the amine to yield the pyrrole 6 (i.e., Paal-Knorr reaction). Therefore, we proposed to decouple these two processes for our current synthesis of N-substituted pyrroles such that exposure of the pyrroles to heat or strong acid could be avoided altogether.
The hydrolysis of 3 is typically performed using mineral acids such as hydrochloric or sulfuric acid. 7 As we wished to avoid the use of strong acids, we investigated the use of aqueous acetic acid. The use of acetic acid would also mean that after hydrolysis sodium acetate could be added to generate a buffer of $pH 5 for the pyrrole formation. 1 H NMR studies of the hydrolysis of 3 were undertaken and showed that heating a solution of the furan in D 2 O with 1 equiv of acetic acid resulted in the complete hydrolysis in 1 h and clearly demonstrated that strongly acidic conditions were not required. Surprisingly, it was also observed that simple heating in D 2 O without acid resulted in the hydrolysis of the acetal within 2 h indicating that acid was not necessary for the hydrolysis step (Scheme 3). In the latter case, addition of ammonia to the NMR tube resulted in only a trace of pyrrole. In contrast, when ammonium chloride and sodium acetate were added to the solution of 4 in D 2 O, formation of pyrrole was observed. Therefore, while acid is not required for the activation or hydrolysis of 2,5-dimethoxytetrahydrofuran, a solution of pH <7 is required to promote formation of the pyrrole. These observations were then considered in designing the synthetic method.
The synthetic method was then carried out by heating 2,5-dimethoxytetrahydrofuran in water at reflux for 2 h under nitrogen to form dihydroxytetrahydrofuran 4. The solution was cooled to room temperature, dichloromethane was added followed by the amine and 1 equiv of both acetic acid and sodium acetate to form a buffer of $pH 5. After stirring at room temperature overnight, a high yield of the pyrrole was observed. Both free amines and hydrochloride salts can be used with this procedure; however, for hydrochloride salts of amines no acetic acid was required and 2 equiv of sodium acetate were added to maintain a buffer of $pH 5. The crude products were usually obtained as colourless oils, which contrasted with the dark brown to black tarry material (indicative of decomposition of the pyrrole nucleus) often obtained by other literature methods. The products could then be purified simply by passing through a short plug of silica to yield the desired compound in a pure state. We have applied this procedure to both achiral and chiral substrates including amines as the free base or the hydrochloride salt. The results of these experiments are shown in Table 1 .
In general, the yields of isolated products were excellent and consistently higher than those cited most recently (59-81% for amino esters). 5 The importance of generating 4 as an intermediate is highlighted by the fact that the yield of the product in entry 1 was only $10% when the initial refluxing of 3 in water was omitted. The pH of the reaction was also shown to be important as a 31% yield of pyrrole product was obtained from R-(À)-phenylethylamine when the amine was added to 4 in the absence of acetate buffer compared to a 91% yield obtained under buffered reaction conditions (entry 4). Scale up of the procedure was readily achieved with the product from L L-alanine methyl ester being synthesised on a multigram scale without decline in yield or resulting difficulty in isolation of the pure product. The mild reaction conditions result in no detectable racemisation of the stereogenic centre of any of the chiral substrates under the conditions with eeÕs of all substrates being >99% as determined by chiral gas chromatography. Previously, most attempts to increase the product yield led to compromised eeÕs due to epimerisation under the reaction conditions that were employed. For example, the recent report of the synthesis of pyrroles from the methyl esters of alanine and norvaline gave high eeÕs; however, the yields were relatively moderate ($70%). 8 In addition, the mild reaction conditions are highlighted by the fact that sensitive products, which are prone to elimination reactions such as the pyrroles obtained from serine, b-alanine and (±)-methyl 4-amino-3-hydroxybutyrate were isolated in high yield. 9 In our hands, the latter product could not be isolated under the conventional Clauson-Kaas conditions due to rapid decomposition and formation of black tarry material. Similarly, the serine derivative (entry 3) is prone to dehydration under acidic conditions and was reported in only a 19% yield employing standard conditions. 10 In summary, we have shown that a one-pot two-step method involving hydrolysis of 2,5-dimethoxytetrahydrofuran followed by the addition of the amine in a buffered solution gives pyrroles cleanly, in excellent and reproducible yield. The method has allowed the preparation of acid-or heat-sensitive pyrroles for the first time in high yield, high ee and high purity. Couple these points with the fact that the method can readily be carried out on a multigram scale with easy purification and the procedure has the potential to be a widely adopted method for the synthesis of pyrrole derivatives. for 2 h under nitrogen. The mixture was allowed to cool to room temperature, before the addition of dichloromethane (3.0 mL), sodium acetate (0.304 g, 3.705 mmol) and L L-alanine methyl ester hydrochloride (0.165 g, 1.852 mmol). The reaction mixture was then stirred vigorously for 15 h with exclusion from light. The reaction mixture was made alkaline with 2 M sodium carbonate (5 mL), and the pyrrole extracted with dichloromethane (3 · 5 mL). The organic extracts were dried over magnesium sulfate and filtered through a plug of silica gel with ethyl acetate/hexanes (1:4) and the solution concentrated to yield the pyrrole derivative in 93% yield as a colourless oil. 
